The behaviour of Zn diffusion in a GaInP/(Al 0.5 Ga 0.5 ) 0.5 In 0.5 P multiple quantum-well (MQW) layer was investigated as a function of the growth temperature and Zn/III ratio by secondary ion mass spectroscopy (SIMS). ) cladding layer was evaluated to design a barrier layer for Zn diffusion into the GaInP/(Al 0.5 Ga 0.5 ) 0.5 In 0.5 P MQW active layer. As a result of incorporating a 130 nm thick diffusion barrier on top of the MQW layers of the AlGaInP red laser, the full width at half maximum (FWHM) of the photoluminescence (PL) spectrum for the GaInP/(Al 0.5 Ga 0.5 ) 0.5 In 0.5 P MQW layers was reduced from 60 meV to 30 meV at room temperature (RT), and the threshold current was also greatly reduced from 110 mA to 75 mA for a standard AlGaInP-based ridge laser as compared to a AlGaInP laser without a diffusion barrier.
Introduction
AlGaInP and related materials are of great interest for many photonic devices operating in the visible band [1] . In particular, high-power AlGaInP red lasers have been widely used for high-density optical disc systems such as digital versatile discs (DVDs), as well as consumer electronics such as laser printers and scanners [2, 3] . One crucial problem yet to be solved for 650 nm band high-power AlGaInP red laser diodes is the achievement of heavily p-doped AlGaInP cladding layers. Zinc (Zn) is a popular p-type dopant widely used in AlGaInPbased light-emitting diodes and laser diodes; however, its large diffusion coefficient has made it difficult to control diffusion in the active layer from the AlGaInP cladding layer. Zn diffusion into the active layer results in lowering radiative recombination efficiency as well as the threshold current of the laser diode. For these reasons, AlGaInP-based red laser diodes have so far been fabricated with relatively lower Zn concentrations [4, 5] . However, heavily p-doped AlGaInP cladding layers are absolutely required to increase the effective conduction band offset, reducing electron overflow and thereby increasing the characteristic temperature T 0 . The conduction band offset can be increased by using a heavily p-doped cladding layer since the quasi-Fermi level for a hole in the active layer is decreased by increasing the acceptor concentration p in the pcladding layer [6] . Therefore, it is of great importance to find a way to incorporate large concentrations of Zn in AlGaInP cladding layers without concern of Zn diffusion. Some efforts have already been made to understand the behaviour of Zn doping in the AlGaInP layer [7] [8] [9] [10] . However, the effects of Zn diffusion (and the diffusion barrier) on the performance of AlGaInP-based red lasers have never yet been systematically studied.
In this work, the behaviour of Zn diffusion in GaInP/(Al 0.5 Ga 0.5 ) 0.5 In 0.5 P multiple quantum-well (MQW) layers was investigated with respect to the growth temperature and Zn/III ratio. The depth profiles of Zn diffusion were investigated for three AlGaInP laser structures having undoped (Al 0.7 Ga 0.3 ) 0.5 In 0.5 P diffusion barriers of 0 nm, 90 nm and 130 nm by secondary ion mass spectroscopy (SIMS). As a result, a 650 nm band AlGaInP laser diode with a 130 nm thick diffusion barrier showed a much lower threshold current as well as a narrower photoluminescence (PL) spectrum at RT than those of the other AlGaInP red lasers, indicating that Zn diffusion in the MQW active layer should be tightly controlled and the use of a diffusion barrier with a proper thickness is quite effective to achieve high-power and high-temperature AlGaInP red laser diodes.
Experimental details
The heterostructure of the AlGaInP red laser was grown by horizontal, rf-heated and low-pressure metal-organic chemical vapour deposition (MOCVD). Hydrogen was used as the carrier gas with group III and group II. Trimethylaluminium (TMAl), trimethylgallium (TMGa) and trimethylindium (TMIn) were used as group III precursors, diethylzinc (DEZn) as the group II precursor, and 100% PH 3 and 100% AsH 3 as the group V source gas. Growth was performed on 2 inch GaAs wafers (0 0 1), 10
• misoriented towards [1 1 0]. The (Al 0.7 Ga 0.3 ) 0.5 In 0.5 P layer was grown with a V/III ratio of 150, at temperatures of T g = 660
• C and 700
• C, respectively, under 100 mbar pressure, at a growth rate of about 2 µm h −1 . Zn-doped layers were grown on a 0. • C. The thicknesses of the diffusion barriers used in the experiment were 0, 90 and 130 nm. Laser diodes with a 3.5 µm ridge width and a 1200 µm cavity length were fabricated to evaluate the effects of the diffusion barrier on the radiative recombination efficiency of (Al 0.5 Ga 0.5 ) 0.5 In 0.5 P MQW layers as well as the threshold current of the AlGaInP red laser. The ridge structure was made by a wet chemical etching process. Mirror coating layers for 5% and 95% were deposited by using an electron cyclotron resonance sputter. A 120 nm thick SiO 2 current blocking layer was deposited by plasma enhanced chemical vapour deposition to confine the injected current path only into the ridge top of the laser diodes.
The lattice mismatch of all the AlGaInP layers was below 5 × 10 −4 of | a/a|, determined by double-crystal x-ray diffraction. The hole carrier concentrations of Zn were measured by electrochemical capacitance-voltage (ECV) at RT. The incorporation of Zn in the AlGaInP layers was investigated by secondary ion mass spectroscopy (SIMS). The instrument used for the SIMS measurement was a CAMECAims6f. Zn-doped profiles were obtained with caesium (Cs) primary beam and positive ion detection by monitoring CsZn at mass 197. In the figures associated with SIMS, the doping levels were calibrated by comparing them with the doping levels implanted in an identical material, and corrected to display the total atomic concentrations. The recombination properties of the diffused layers were investigated by PL with a 325 nm He-Cd laser.
Results and discussion
To understand the diffusion lengths of Zn in the (Al 0.7 Ga 0.7 ) 0.5 In 0.5 P cladding layer, the effects of the growth temperature and DEZn flow rate on Zn diffusion were investigated. Figure 1 shows hole concentrations versus Zn/III ratio determined by ECV measurements for Zn-doped (Al 0.7 Ga 0.7 ) 0.5 In 0.5 P layers grown at 660
• C. The temperature range between 660
• C is known to be suitable for growing AlGaInP laser structures. It is difficult to grow a high-quality GaInP layer above the range while optical properties of the AlGaInP layer are rapidly degraded below the range due to the increasing number of oxygen incorporating with aluminium. In figure 1 , carrier concentrations are continuously raised with increasing Zn/III ratios, following an adsorption/desorption mechanism, up to 0.08 at T g = 660
• C and 0.15 at T g = 700 • C. For Zn/III ratios >0.08 and 0.15, however, they tend to be saturated to be p ∼ 1.2 × 10 18 cm −3 for the sample grown at 700
• C, and p ∼ 1.5 × 10 18 cm −3 for the sample grown at 660
• C, independent of the precursor. It appears that the temperature dependence of Zn incorporation shown in figure 1 is because the incorporation rate of Zn is raised with lowering the growth temperature. , at which the diffusion process is dominated by excess Zn dopants in the form of interstitial diffusion, for a given growth temperature. • C. In this figure, no Zn diffusion in the MQW active layers was observed for a 130 nm thick diffusion barrier, whereas some Zn diffusion was observed for both 0 nm and 90 nm thick diffusion barriers, as expected in figure 2 .
To investigate the influence of Zn diffusion on the radiative recombination efficiency of the GaInP/(Al 0.5 Ga 0.5 ) 0.5 In 0.5 P MQW layer, PL spectra were measured at RT for 650 nm band AlGaInP laser structures with 0, 90 and 130 nm thick diffusion barriers, respectively, as shown in figure 5(a) . Figure 5(b) shows the dependences of PL wavelength and full width at half maximum (FWHM) on the thickness of the diffusion barrier. The FWHM decreased by half from 60 meV to 30 meV as the thickness of the diffusion barrier increased from 0 nm to 130 nm, which directly shows that Zn diffusion in the MQW layers is one of the influential factors which degrades the radiative recombination efficiency of the MQW layers. On the other hand, PL peaks moved to a larger bandgap side (a shorter wavelength) with reduction in the thickness of the diffusion barrier, which can be attributed to growth in the amount of Zn diffusion in the MQW layers for thin diffusion barriers. What happened here can be explained by analogy with blue shifts often observed in impurity diffused MQW layers [11] .
Finally, two 650 nm band AlGaInP laser diodes with 0 nm and 130 nm thick diffusion barriers were fabricated to examine the effects of Zn diffusion on the threshold current. Laser diodes consisted of a 3.5 µm wide ridge and a 1200 µm long cavity. Figure 6 shows light output versus current (L-I ) characteristics for the AlGaInP-based red laser with 0 nm and 130 nm thick diffusion barriers. Laser diodes were tested in the • C in the pulse mode (50 ns, 50%) for a 650 nm band AlGaInP laser diode without diffusion barriers and with 130 nm thick diffusion barriers. pulse mode of a 50 ns pulse width and a 50% duty cycle. By comparison, the threshold current was dramatically reduced from 110 mA to 75 mA for a standard AlGaInP-based ridge laser diode as compared to the same-structure laser without a diffusion barrier.
Conclusions
The behaviour of Zn diffusion in the GaInP/ (Al 0.5 Ga 0.5 ) 0.5 In 0.5 P MQW layers was investigated as a function of the growth temperature and Zn/III ratio by SIMS. An undoped (Al 0.7 Ga 0.3 ) 0.5 In 0.5 P diffusion barrier was then designed for Zn-doped (Al 0.7 Ga 0.3 ) 0.5 In 0.5 P (Zn: 1.0-1.2 × 10 18 cm −3 ) cladding layers grown at 700
• C to prevent Zn diffusion in GaInP/(Al 0.5 Ga 0.5 ) 0.5 In 0.5 P MQW layers. The depth profiles of Zn diffusion were also investigated for three AlGaInP red lasers having undoped (Al 0.7 Ga 0.3 ) 0.5 In 0.5 P diffusion barriers of 0 nm, 90 nm and 130 nm, where Zn diffusion was observed in the MQW active layers for both 0 nm and 90 nm thick diffusion barriers while no Zn diffusion was observed for the 130 nm thick diffusion barrier. By simply incorporating a 130 nm thick undoped (Al 0.5 Ga 0.5 ) 0.5 In 0.5 P diffusion barrier on top of the MQW layers, the FWHM of the PL spectrum from the MQW was reduced from 60 meV to 30 meV at RT and the threshold current was also greatly reduced from 110 mA to 75 mA for a AlGaInP-based ridge laser, as compared to the performance of the AlGaInP red laser without diffusion barriers.
